I. INTRODUCTION
CURRENT models for characterizing arrest toughness of dynamic ductile fracture in gas-transmission pipelines have used upper shelf energy (USE) of Charpy V-notch (CVN) impact test and USE of drop-weight tear test (DWTT) as fracture resistance values. [1] In general, the arrest toughness of pipeline steels is predicted by a simplified semiempirical formula obtained from the correlation of fracture speed of pipelines with crack propagation speed, which depends on gas decompression behavior. According to the API RP 5L3 specification, [2] the CVN USE shows a linear relation with the USE of the pressed-notch (PN) DWTT or the chevron-notch (CN) DWTT. In the case of the currently produced high-toughness pipeline steels, however, the correlation of the CVN USE with fundamental fracture process or crack speed is less obvious. This is because a considerable amount of initiation energy is involved, which is unrelated to actual material resistance to fracture propagation as plastic deformation significantly increases at the crack tip. [3, 4, 5] Also, the impact testing methods are limited by specimen geometries, and the reliability of the correlation between CVN USE and DWTT USE decreases. The evaluation of the absorbed energy has provided reliable standards for low-toughness pipeline steels (CVN USE Յ 100 J), but it is more or less inconsistent with full-scale fracture behavior in currently produced high-toughness pipeline steels. Correlation between Charpy V-notch (CVN) impact properties, drop-weight tear test (DWTT) properties, and crack-tip opening angles for stable crack propagation (CTOA sc ) in high-toughness API X70 pipeline steels was investigated in this study. Two-specimen CTOA test (TSCT) was conducted on the rolled steel materials to measure the CTOA sc , and the test results were compared to the CVN and DWTT data to find correlations between them. The CVN total energy density showed an almost 1:1 linear correlation with the DWTT initiation energy density. The TSCT results indicated that the materials rolled in the single-phase region had the larger CTOA sc as well as the higher CVN and DWTT energy density than those rolled in the two-phase region because their microstructures were composed of acicular ferrites and fine polygonal ferrites. The CTOA sc had a better correlation with the DWTT propagation energy density or the CVN total energy density than the DWTT total energy density. In particular, the value of sin (2CTOA sc ) reliably represented a linear proportional relation to the DWTT propagation energy density.
Since the 1980s, many investigators have persistently endeavored to specify material resistance to fracture propagation using fracture mechanics variables such as crack-tip stress or strain, crack-tip opening displacement (CTOD) or crack-tip opening angle (CTOA), crack-tip force, energy release rate, J-integral, and tearing modulus.
[6-9] Among them, the CTOA at a specified distance from a crack tip, i.e., the CTOA for stable crack propagation (CTOA sc ), has been shown to be the most appropriate variable for modeling the stable crack growth and instability during the fracture process of pipeline steels. It has been used in aerospace industrial fields to predict the initiation of stable crack growth and was reported to remain constant irrespective of crack extension occurring during the steady-state fracture process.
[10]
The application of the CTOA to pipeline industries was extensively started in the late 1980s by Southwest Research Institute, the Centro Sviluppo Materiali, and the Societa Nazionale Metanodatti. [4, 11] They developed a valid computer model including structural, fluid, and fracture behaviors through more comprehensive and basic approaches, which can better describe and predict the ductile fracture process. In this model, a CTOA max was calculated as a crack driving force in a structure or a fluid of pipelines and was compared with a measured critical CTOA to obtain the reliable and predictable results on characteristics of dynamic ductile fracture propagation and arrest. Here, as a way to indirectly measure the CTOA sc , the two-specimen CTOA test (TSCT) method was developed using two modified DWTT specimens having different ligaments under a few fundamental assumptions.
[12] Since most of the theoretical works to obtain the CTOA max were conducted in the beginning by two-dimensional analyses, they did not properly consider constraint effects, crack tunneling, or fracture process. More recently, extensive studies have been undertaken to measure the theoretical CTOA max using three-dimensional analyses in consideration of the specimen thickness and to investigate its effects. [9, 13, 14] METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 37A, FEBRUARY In this study, the relationship between the CVN and DWTT properties of high-toughness (CVN USE Ն 300 J) API X70 pipeline steels was investigated, and the CTOA sc results measured by the TSCT method were correlated with those of the CVN test and DWTT. Also, effects of inverse fracture and separations occurring during the TSCT on the CTOA sc were investigated.
II. EXPERIMENTAL

A. Materials
An API X70 grade steel with a yield strength level of 483 MPa (70 ksi) was used in the present study, and its chemical composition was Fe-0.05C-0.27Si-1.24Mn-0.5(Cu ϩ Ni ϩ Mo)-0.1(Nb ϩ V ϩ Ti) (wt pct). Six steel materials were fabricated by varying rolling conditions, as shown in Table I . Rolling was finished at two temperatures, which were the temperature of austenite single-phase region over Ar 3 and the temperature of (austenite ϩ ferrite) two-phase region below Ar 3 . After the finish rolling, the steel materials were cooled down acceleratedly to finish cooling temperature (FCT) of about 400 °C, 500 °C, and 600 °C. For convenience, the materials that were rolled in the single-phase region and cooled at different finish cooling temperatures of 400 °C, 500 °C, and 600 °C are referred to as "S4," "S5," and "S6" materials, respectively, while those rolled in the two-phase region and cooled at different finish cooling temperatures of 400 °C, 500 °C, and 600 °C are referred to as "T4," "T5," and "T6" materials, respectively (Table I ). The longitudinal-short transverse plane of rolled materials was polished, etched by a 2 pct nital solution, and observed using an optical microscope.
B. Tensile and Charpy Impact Tests
Tensile round specimens with a gage diameter of 6 mm and a gage length of 30 mm were prepared in the transverse direction and were tested at room temperature at a crosshead speed of 5 mm/min using a 10-ton Instron machine. Charpy impact tests were performed, using a Tinius Olsen impact tester of 500 J capacity, on subsize CVN specimens with a size of 7.5 ϫ 10 ϫ 55-mm and a transverse-longitudinal (T-L) orientation in the temperature range from Ϫ196 °C to 20 °C. In order to reduce errors in the data interpretation, the regression analysis for absorbed impact energy vs test temperature was conducted by a hyperbolic tangent curve-fitting method. [15] Based on these analysis data, the energy transition temperature (ETT), which corresponds to the average value of USE and lower shelf energy, was determined. The fracture appearance transition temperature (FATT) at which the area fractions of the cleavage and ductile shear fracture modes were 50 pct was also determined from the observation of fractured CVN specimens.
C. Drop-Weight Tear Tests
Drop-weight tear test specimens with a size of 76.2 ϫ 305 ϫ 20 mm in T-L direction were prepared in accordance with the API RP 5L3 specifications, [2] and then a pressed notch was introduced into them. These specimens were tested in the temperature range from Ϫ80 °C to 20 °C using an instrumented DWTT testing machine (Model DWTT-100, Imatek, United Kingdom) with a maximum energy capacity of 100,000 J. Fracture initiation and propagation energies were obtained from load-displacement curves using an instrumented system. Here, the fracture propagation energy was evaluated to be the postpeak energy. [16] The regression analysis for absorbed energy vs test temperature was also conducted by a hyperbolic tangent curve fitting method, as in the case of the Charpy impact test. [15] The ETT, USE, and FATT were determined from this analysis. The 85 pct shear appearance transition temperature (85 pct SATT) at which the area fraction of the shear fracture was 85 pct was also determined from the observation of fractured specimens.
D. Two-Specimen CTOA Tests
Methods to measure the CTOA include direct measuring, which uses a high-speed camera (over 10,000 frame/s), [9, 11] and indirect measuring, which uses J-R curves or TSCT. [12, 13, 14] The TSCT method, the well-known indirect method, was used in the present study.
[12] The pipeline steel materials were machined in the same direction and size to the DWTT specimen, and then two specimens having different ligament, CTOA s (CTOA shallow) and CTOA d (CTOA deep) whose notch depth was 10 and 38 mm, respectively, were prepared and tested at Ϫ20 °C and 20 °C (room temperature). Figure 1 presents the shape and detailed dimensions of the TSCT specimen.
As illustrated in Figure 2 (a), The total energy absorbed during the TSCT can be divided into initiation energy and propagation energy under a few assumptions.
[16] Through the comparative analysis of the CTOA approach and the two-parameter approach [17, 18] based on extensive experiments, the relationship between S c in Figure 2 (b) [16] and CTOA was identified as S c ϭ (CTOA) sc 2 и A*s 0 r* 
